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Comparison of SAR-Derived Wind Speed With
Model Predictions and Ocean Buoy Measurements

Frank M. Monaldo, Donald R. Thompson, Robert C. Beal, William G. Pichel, and Pablo Clemente-Col6n

Abstract—As part of the Alaska synthetic aperture radar (SAR) wide swath available from the Canadian SAR RADARSAT-1

gzrgqnstrationhProéect in 1999 agd 2000, wilde-Swa}th_ R'tAhDAeRslfATf [2] is ideally suited for coastal wind speed measurements.
imagery has been acquired on a regular basis in the Gulf o ; ;

Alaska and the Bering Sea. During 1998 and 1999, similar data hThSe goa\l/i of ;th[askafAE I?]err;on;tritlon Project [3]5%(1
were acquired off the East Coast of the United States as part of the the Storm a_tc roject [_ 1, both of whic "’_Ue spo_ns_ore ] y
StormWatch Project. The radar cross section measurements from the U.S. National Oceanic and Atmospheric Administration
these images were combined with wind direction estimates fromthe (NOAA), Washington, DC, are to develop and demonstrate the
Navy Operational Global Atmospheric Prediction System model ability to use wide-swath SAR imagery to produce high-res-
to produce high-resolution maps of the surface wind speed. For ) si5n wind speed estimates in a timely fashion. During the

this study, 2862 SAR image frames were collected and examined. . . .
Averaged wind estimates from this data base have been system-WInter of 1999-2000, RADARSAT SAR imagery was acquired

atically compared with corresponding wind speed estimates from at the Alaska SAR Facility (ASF), Fairbanks, processed into
buoy measurements and model predictions, and very good agree-imagery, forwarded to NOAA in Camp Springs, MD, and used

ment has been found. The standard deviation between the buoy to produce wind speed estimates in near real time [5].

wind speed and the SAR estimates is 1.76 m/s. Details of the SAR - Tp,,5 far we have been able to produce such estimates in 5

wind extraction procedure are discussed, along with implications - . .

of the comparisons on the C-band polarization ratio. to6h fr_om achISItlorl t‘? wind Spee?‘ eSt'matesl pOSte(_’ on the
world wide web. Of this time, approximately 2 h is required to

produce a SAR image and about a half an hour is required to

process a single frame into wind speed. Part of the remaining

time is occupied in the data transmission from Alaska to NOAA

for wind speed processing and cataloging the data. In addition,

. INTRODUCTION a single satellite overpass is broken up into image frames. The

ARINERS who sail in coastal waters have long knowffames are processed in sequence. Hence, subsequent frames

Unfortunately, there has been a lack of precise meteorologi€4pcessed. _ o

high-resolution winds in coastal areas. Sporadic measuremédf@uced to 2 to 3 h to be more useful in an operational context.
by buoys are too spatially separated to capture this variabili@.ne possibility is to eliminate data transmission time delays, by
The 25-km or poorer resolution offered by satellite scatterorRfoCessing the imagery into wind speed at the SAR receiving
eters or passive microwave measurements, while excellenffation.
the open ocean, is too coarse for coastal areas where such mefld- 1 is a sample wind speed map produced from
surements are often contaminated by land returns. SpacebdfAdPARSAT-1 SAR imagery using a procedure to be discussed
optical imagery, though often limited by clouds, has provide@g!ow. For this image the wind speed pixels are 1 km on a
hints of the complicated nature of high resolution wind speédde. The retrieved SAR wind speeds are represented by color.
variability in coastal areas [1]. The arrows represent the wind speeds and directions from
It is only recently that remote sensing has offered the rotile Navy Operational Global Atmospheric Prediction System
tine, all weather capability of systematically measuring wind&/OGAPS) model. The wind directions from the NOGAPS
at subkilometer scale resolution. Spaceborne wide-swath syedel, as described in the following, were used in the wind
thetic aperture radar (SAR) offers this potential. The high-resdPeed retrieval process. The land areas are shown as a shaded

lution of SAR imagery with the coverage afforded by a 500-krf¢lief map. _
This particular image was acquired on September 30, 2000, at
. . . 03:48 UTC in the vicinity of Cook Inlet, AK. It is representative
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0 local incident angle;

/' wind speed (usually assumed to be measured at 10 m
above the surface with neutral atmospheric stability);

~(8) power law dependence on wind speed;

¢ angle between the radar look direction and the wind
direction.

When the radar is looking into the wind (= 0), the NRCS
is @ maximum. Since/(#) > 1, (1) indicates that the NRCS
increases with wind speed. The NRCS also increases with de-
creasing incident angle. The CMOD4 GMF has been validated
during numerous experimental campaigns for incident angles in
the range from about 200 60 [6].

There is no similarly validated scatterometer GMF that re-
lates the HH polarization (HH-pol) NRCS of the RADARSAT-1
SAR towind. To deal with this deficiency, we employ a polariza-
tion ratio following the development of Thompsenal.[7] and
Thompson and Beal [8]. This development relates the HH-pol
NRCS, s}, to o¥, through the equation

Fig. 1. Sample wind speed map computed with RADARSAT SAR imagery. UIO{ —
The map is color-coded to reflect the SAR-retrieved wind speed. The
orientation of the arrows represent the model wind direction. The color of the

arrows represents the model wind speed. Land is shown as a shaded relief i At i ; S i _
The wind speed pixels are 1 km on a side. The NOGAPS model directionsﬁa‘irl?eib polarization ratio is a fun(.:tlor_] of quoent 3ng_|e andthe pa
used in the wind speed retrieval process. rameterx. Fora = 0, the polarization ratie}; /o given by (2)
is that predicted by Bragg scattering theory, while doe= 1,

20 m/s over a few kilometers. Images like these underscore 9§ produces the value fary; predicted by Kirchhoff (phys-
value of high-resolution wind speed images in coastal areas.ica| optics) scattering [7]—-[9]. Thompsat al. and Thompson

In addition to the images acquired as part of the Alaska SAhd Beal [8] proposed: = 0.6 based on airborne measure-
Demonstration, during the StormWatch project RADARSAents of the HH-pol NRCS collected by Uredlal.[10] at sev-
wide-swath SAR imagery was also acquired off the East Coaghl incident angles and a range of wind speeds. Vachon and
of the United States where numerous National Data Bu@pbson [11] compared RADARSAT SAR-derived wind speeds
Center (NDBC) buoys are located. Taken together, these dgith buoy measurements and suggested: 1. Horstmanret
sets provide an important opportunity to validate the accuragy [12], [13] compared RADARSAT SAR wind speeds with
of the retrieval of high-resolution wind speed from SAR:ERS-2 scatterometer wind speed measurements and a high-res-

1+ atan?d 2 0
—_— . 2
1+2tan29> o @

imagery. olution local wind speed model. They determined that 1 as
well.
[l. ROAD FROM RADAR CROSSSECTION TOWIND SPEED We suspect that the polarization ratio may also be dependent

The challenge in estimating wind speed from SAR radar cro4BOn relative look directiog. However, such a relationship has
section measurements is two fold. First, we must be able 8t been developed for this frequency. While it may be possible
specify the relationship between ocean surface wind Vebc;@infer such a relationship from the data we have acquired, this
and normalized radar cross section (NRCS), the geophysil’,“cﬂrk is beyond the scope of this paper. In addition, uncertainties
model function (GMF). Second, the SAR directly measures onfythe NRCS may hinder or limit the general applicability of any
backscattered power from which NRCS is determined. A partigich polarization ratio function developed with these data.
ular NRCS estimate may correspond to a range of wind speedEOfthe wind speed retrievals derived from RADARSAT SAR
depending on the angle between the radar look direction and th&gery to be discussed in the present paper, we chioesé.6
wind direction. Hence, in order to perform the wind speed id0 (2)- Besides the HH-pol airborne measurements of [10] that
version, we must first specify the wind direction. point to such a value faw, we will show in the following dis-

The development and launch of the C-band, W-polarizatidWSSion that this choice is consistent with comparisons between
(VV-pol) wind scatterometer aboard the ERS-1 satellite necezAR-derived wind speeds and both model and buoy estimates.
sitated the development of a well-validated scatterometer GNfiraddition, we will show that choice of that produces the
for this system. At present, the most commonly used GMF hest agreement is very sensitive to the NRCS qahprauon as W(_ell
the CMOD4 GMF [6] that specifies the VV-pol NRC8Y, in  as to the method used to compute the local incident angle in

terms of the wind vector and radar geometry with an equatiéi Wide-swath SAR image. As a consequence, when investiga-
of the form tors attempt to choose an empiricalvalue, they may simply

be using theyr parameter in (2) to tune the wind speed retrievals
0% = a(@)U" O [1 + b(6) cos ¢ + ¢(8) cos 24 (1) for differences in calibration or even angles of incidence.
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A. Wind Direction NOAAs National Environmental Satellite Data and Information
ervice (NOAA/NESDIS) and the Johns Hopkins University
plied Physics Laboratory (JHU/APL). In addition, the US
avy’s Master Environmental Library (MEL) forward to
({EEAA/NESDIS and JHU/APL the NOGAPS model winds.

look direction. There are two general approaches to obtaini Etsebnlﬁdﬁlgﬁxlgégg:gdwg gﬂBIAolgefaSts and nowciells;cs.
this estimate: 1) use structures in the SAR image to infer wind 0 an , We run paraflé

direction or 2) obtain wind direction from a wind field model. software to produce SAR wind speed estimates and post these

As long ago as 1986, Gerling [14] demonstrated that Iine<raerSUItS on the World Wide Web. (The web sites at NESDIS

features in Seasat SAR ocean imagery on the scale o nd JHU/APL are: orbit35i.nesdis.noaa.gov/orad/sar/ and

. Do efmi.jhuapl.edu/sar/stormwatch/, respectively.) Once the SAR
kilometer or larger may be the result of wind-induced feature(zj%lta arrive at either NOAA/NESDIS or JHU/APL. brocessin
that are correlated with local wind direction. More recentl ' P 9

Y. . ; ;
Fettereret al. [15] and Muller et al. [16] have used wind automatically begins. We have generally been averaging the

directions derived from such features in ERS-1 SAR image ;{35 f]atts ;rgg?eggr ?gg:alzlir}o?ir;ne pll)(()%losrpnamizgéohg?/g ?éen
to estimate wind direction and combined these directions wi 9 P 9 P

the VW-bol NRCS measurements from ERS-1 to estimate witg€d @ well. Contamination of the wind-speed statistics in the
P : ; : . .. SAR wind maps due to oceanic processes of the same scale as
speed. Presently, Wackerman [17] is also using wind directions

derived from RADARSAT SAR images from the Alaska SA he wind fluctuations as well as SAR speckle noise limit the
Demonstration to estimate wind speed ighest useful resolution to about 300 m [18]. At each image

Although useful and convenient, the use of linear featurespixel, we linearly interpolate a model wind direction from the

4] o ; lati ;
the SAR image to estimate wind direction can sometimes lea 0 1¢ longitude-latitude grid of the NOGAPS model to the

erroneous results. Wind-induced signatures such as wind ro‘%\?sogralIOhIC position of the pixel. Using this model direction

. . .. and the SAR radar cross section at the pixel of interest, we
are most conspicuous under unstable atmospheric conditions, . )
then invert (1) and (2) to compute the associated wind speed

butin some cases, especially in neutral or stable conditions, t . i
;gljil [8]. It typically takes 5 to 6 h from reception of data at

are not present at all. In addition, there can be other feature : . :
; . - he satellite to the posting of the wind speed maps on the web.
SAR images, such as oceanic or atmospheric internal waves

. ; - o&vever, an improvement to less than two hours is technically
that produce linear features on the same spatial scale as wind . : . . : .
easible, particularly if the wind processing and web posting

rows. These other features are not generally aligned with the L .
. . . . _.are relocated to the SAR receiving station.
local wind vector and can contaminate this method of estimating
the wind direction directly from the SAR image itself.
An alternate approach is to use wind direction estimates from
meteorological forecast models in the generation of SAR wind ~ Ill. COMPARISON OFMODEL WIND SPEEDS AND
maps. The virtue of using model wind directions in the retrievals SAR WIND RETRIEVAL
is that they always produce physically reasonable estimates of . . L .
the wind direction field. However, the model wind directions 'n€ @m of the work described herein is to validate the
are themselves also not always correct and are not generdfigfulness of high-resolution wind speeds produced from
produced at the high (L to 10 km) resolution most useful f¥ide-swath SAR imagery. The wind speeds from global
this application. models, v_vhlle coarse in resolutlon! provide useful_lndlcat_ors
In this paper, we use model wind directions as produced Bf Potential systematic problems in the SAR-derived wind
the NOGAPS model to determine wind direction. For future réP€€ds. Although itis likely that the point-by-point differences
finement of our present procedure, we believe the best solutfd®een the model and SAR-derived wind speeds are large,

to the wind direction question will probably be a thoughtful angertain systematic differences can be used to diagnose the

careful combination of the wind directions derived from the im>AR-Tetrieval procedure. The additional virtue of SAR versus

ages themselves constrained by direction fields from high-redgde! comparisons is that there are many of them. For the
lution meteorological models. comparisons discussed below, we gathered data from 2862

SAR image frames for data spanning the years 1997 to 2000.
From these, we accumulated 7290 model and SAR wind-speed
comparisons at the model grid points. At each position, we av-
As part of the Alaska SAR Demonstration Project, weraged the SAR wind speed over a 50 knb0 km square area
have been processing SAR imagery from ASF to produte make the result more consistent with the spatial averaging
high-resolution estimates of wind speed. This procedugherent in the model estimate.
involves merging data from two sources: the SAR imagery To insure that we examine only marine wind speeds and not
from ASF and the model fields from the NOGAPS modehkccidently consider NRCS measurements over land, we have
SAR imagery from the Alaska region that falls within thecarved out an area in the Gulf of Alaska region. The Alaska
real-time reception mask of ASF is correlated at ASF to pr&AR Demonstration Project provides extensive SAR coverage
duce calibrated wide-swath SAR imagery. These data are thdrihis area. Fig. 2 presents NRCS as a function of angle of in-
electronically forwarded to NOAAs Satellite Active Archivecidence for the 7290 comparisons. Each diamond value repre-
(SAA). From there the data are automatically forwarded tents the mean radar cross section averaged oveirgitient

For any particular pixel in a SAR image, we know the radai
cross section and the local incident angle. In order to invert (
and (2) and estimate wind speed, we begin witlagmiori es-
timate of the angle between the wind direction and the ra

B. Wind Speed Retrieval Procedure



2590 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 39, NO. 12, DECEMBER 2001

1.000 v T 20 [
©dB) b E £ ]
c r [ ]
8 L ]
3] I r .
3 2 10} ]
@ 0100 = =z n ]
o (-10dB) [ ] 2 r
o r 2 L
& @ C ]
o - [
] c r |
i s 0 -
o 17 z r 1
= 3 L
g ootor E = E ]
5 (-20dB) | 3 ) r ]
=z r ] c ]
x 1 & w0k =
@ 1 r ]
0.001 L . L) PR l | E ]
(-30 ¢B) 20 25 30 35 40 45 20 b 1 T T

| P SR T
SAR Angle of Incidence (deg) 20 25 30 35 40 45
SAR Andle of Incidence (deg)

Fig. 2. Normalized radar cross section as a function of incident angle for 7290 . . . .
points obtained from RADARSAT SAR wide swath imagery as processed byd- 3. Difference between SAR-derived and model wind speed function of
ASF. The diamonds represent the mean cross sectiohiimctements, and the incident angle for 7290 points pbtamed from RADARSAT wide swath imagery
error bars show the: one standard deviation limits. as processed by ASF. The diamonds represent the mean cross section in 1
increments, and the error bars show thene standard deviation limits.

angle bin. The error bars represent the plus-or-minus one stgn-
dard deviation limits within each of these bins and reflect the’
corresponding variability in wind speed and direction. There is some controversy as to the valuexah (2) to be

used in computing the wind-speed dependenceiofwWe used
comparisons of model and SAR wind speed estimates made at
a variety of differenta’s to determine thex-value that mini-

For a fixed wind speed, we expect NRCS to increase withizes the difference in these comparisons. Using the data base
decreasing angles of incidence. This trend is most pronoungédnodel and SAR wind speeds described above, we have ex-
near 20 incidence and persists in a mean sense even when eheded for the purposes of this comparison SAR wind speeds
winds are variable. The retrieved NRCS from our data base&fquired at incident angles less thar? Zbhis latter constraint
ASF-processed wide-swath SAR imagery shown in Fig. 2 do@%cludes data possibly contaminated from the near-range prob-
not exhibit this expected behavior for incident angles less thins in NRCS discussed earlier. Altogether, the resulting data
25° or so. At these angles, one can see from the figure that fp@se includes 4273 model-SAR wind speed comparisons.
retrieved NRCS values level off rather than rapidly increase. Fig- 4 presents six plots of the SAR and model wind speed
This problem manifests itself in the form of lower than expecte@fobability density functions (PDF's) computed using variaus
wind speeds from our wind inversion procedure at near-ranj@ues. The thick line, representing the model wind speed PDF,
incident angles. This near range problem has been noticedSifonstant in all the plots. The thinner line is the PDF of the

RADARSAT SAR imagery by others [19], [20] and has beeﬁssoci{;\ted SAR wind speeds. Foe= 0, the mean SAR wind
associated with analogue-to-digital converter saturation. speedis 11.18 m/s compared to the model mean of 8.03 m/s. At

Fig. 3is a plot of the difference between the SAR-derived at c oppos_|te extreme fr = 1.0, the mean SAR wind speed of
. : L .~ ©.57 m/s is lower than the model mean. kko& 0.6, the mean
model wind speeds as a function of incident angle. All winds

led to 10 m heiaht and tral at heric stability. T ind speeds from the SAR and the model match most closely.
g_re scac(ja 0-om eo:g an neu(;?mammolip e”ﬁ s adl ! y.d fie evidence from these comparisons suggests that it is appro-
lamonds represent data averagedblhs. Note the reduce priate to continue to use in (2) in our wind-speed retrievals.

SAR wind spee_ds in the near range. Itis ppssnble_to make ar‘|:ig. 5 shows a set of contour plots of the magnitude of the dif-
ad hocpolynomial correction to the SAR wind retrieval as g0 ce hetween SAR-derived and model-estimated wind speed
function of incident angle to force the SAR wind speeds 10 jg)tting each of the 4273 individual points in standard scatter-
in greater conformity with the model speeds. We have, howi,t format yields plots that are difficult to read.) There are ten
ever, not applied such a correction to the results presente iMdarly-spaced contours in each plot in Fig. 5. Perfect agree-
this paper. ment occurs when the contours collapse along tiidinB. The

It is interesting to note that the standard deviation of th& atter is relatively large with standard deviations of about 4 m/s.
difference between the SAR-derived and model wind speedsrypica"y, the time difference between the SAR wind speed
slightly increases with increasing incident angle. The derivatiygeasurements and the model prediction time can be six hours.
of wind speed with respect to NRCS increases with incideponaldo [21] found that time separations of this order can lead
angle. We suspect that similar levels of NRCS noise at fay standard deviations of up to 3 m/s between wind speed mea-
range incident angles may be associated with more noise in igements. Also, given the fact that the SAR is picking up more
SAR-derived wind speed. In addition, the calibration of NRC8f the local variability smoothed over by the model estimates
may be more difficult and hence less accurate in the far rangand error in the GMF, the scatter is not entirely unexpected.

Tuning the Polarization Ratio

A. Near Range Problems With Radar Cross Section
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Fig. 4. Comparison of SAR and NOGAPS model wind speed PDFs for different valuesTdfe thick line represents the model wind speed PDF. The thin
lines represent the SAR wind PDF’s. The SAR and model standard deviations are with respect to their respective wind speed distributions etirstdastlisit
deviation in each plot is the standard deviation of the difference between the SAR and model wind speed at every comparison point.

Nonetheless, the large number of comparisons included in thid speed retrievals (including a 3 ka3 km area average
plots in Fig. 5 again confirms that a choice for the@arameter centered on the buoy location) will not include image pixels
near 0.6 yields the most satisfactory agreement. intersecting land. This averaging area roughly corresponds to
the distance covered by wind at 7 m/s over the 8-min averaging
time of a buoy.

Fig. 6 is a plot of the buoy locations used in these compar-
isons. The crosses in this figure indicate the geographic loca-
tion of the buoy. The adjacent numbers represent the number
of buoy-SAR comparisons available from the associated buoy.

The NDBC deploys and maintains a set of buoys in coastal I8#hce the East Coast of the United States has such a high den-
waters [22]. In our comparisons of the SAR-derived wind speedity of buoys, most of the comparison pairs are located there.
with measurements from these NDBC buoys, we have used oifilye buoy comparisons include data from our RADARSAT SAR
data from buoys that are sufficiently far from land that the SARide-swath database in the time interval from November 1997

IV. Buoy COMPARISONS

A. NDBC Buoy Data Set
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Fig. 5. Scatter plots of SAR-estimated wind NOGAPS model wind speed for different valuesTdfe data are represented as contour plots rather than as
individual points. The 45line represents perfect agreement. The SAR and model standard deviations are with respect to their respective wind speed distributions.
The last listed standard deviation in each plot is the standard deviation of the difference between the SAR and model wind speed at every contparison poi

to November 1999 and include 317 SAR-buoy potential consemparisons are never separated in time by more than 30 min.

parison pairs in the F8to 45° incident angle range.
Buoy wind speed measurements are generally reported fant that a buoy averages wind speed over time, while the SAR

the hour and represent 8-min averages. Hence, SAR and bawgrages over an area. These two averages may not always be

An inherent limitation in any comparison presented here is the
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+3

Fig. 6. Map of buoy locations associated with at least one SAR-buoy comparison pair. The crosses indicate the locations. The numbers reprdsamfthe num
buoy-SAR wind speed comparisons available for the buoy location.

interchangeable. Also, in generating the comparison databa . SARvsBuoy Wind Speed
we have taken care to adjust the wind speeds measured direr [ Mean Ditference= 1.06 m/s ]
by the buoy to equivalent neutral stability wind speeds at 101 | ﬁfm%‘z: o m/s 1
height. The adjustment to 10 m height was generally the mc 201 angle Range= 18 - 45 deg o g ]
important component of this procedure. The TOGA-COARL_ ¢ N L ]
bulk flux algorithm [23] has been used for the stability corg r o @ N
rection and results in relatively small changes except for wing 8T o7 € 1
speeds less than about 3 m/s. g;: i 5 0 58S o ]
= 10 o ¢ 0@0?0 . 7
B. Differences Between SAR and Buoy Wind Speeds 3 T o’ 8@2 b o 00@;0 1
Fig. 7 is a plot of the SAR-retrieved wind speed versus buoy s N O;" e $570 @@ ]
estimated wind speed using this averaging procedure. The st - e o N ]
dard deviation is 1.83 m/s with a bias of 1.06 m/s. For this plo oi oo !O%f k T
we included incident angles from 18 45°. 0 5 15 20 25

10
Fig. 8 is the same as Fig. 7 except that incident angles less Buoy Wind Speed (m/s)

than 25 are excluded to eliminate comparisons for which thgg. 7. SAR versus buoy-estimated wind speed for incident anghes&°.
radar cross section may be underestimated as discussed pFavitis comparison, an-parameter value of 0.6 has been used.
ously. This constraint reduces the number of SAR-buoy com-
parison pairs to 260. Note that the magnitude of the mean di¢sidual differences is any error in the wind direction used in the
ference is reduced from 1.06 m/s to 0.85 m/s and the stand&®&R wind speed retrieval. This is discussed below.
deviation is falls to 1.76 m/s. ] o )

Of course, there are a number of reasons for the residual dif- WWind Direction Comparisons
ferences between the buoy and SAR wind speed measurement¥he SAR wind-speed retrieval is dependent upon the accu-
Besides potential inaccuracies in NRCS, there remains the pssy of wind directions from the NOGAPS prediction model.
sibility that the CMOD4 GMF and polarization ratio functionifferences between the actual direction and the inferred wind
used here require further refinement. One significant reason tbrection from the model may contribute to differences between
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SAR vs Buoy Wind Speed Scatter Plot Using Buoy Wind Direction
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Fig. 8. SAR versus buoy-estimated wind speed for all incident angles betw: ég' 10. SAR vyind s_,peeq retrievals asa f_unction of the_ buoy es_timate using
25° and 45 . For this comparison, an-parameter value of 0.6 has been used uoy-reported wind directions in the SAR wind speed retrieval. Incident angles
’ ' ' between 25 and 45 and anca-parameter value of 0.6 were used in this

Model vs Buoy Direction comparison.
L T e T 5 7
r " _ oo ]
300i thase?,fi?ggeéeigz 4es ° ng ] this question by using fixed wind directions in conjunction with
- R . ¢ 1 the SAR radar cross section measurement instead of the model
A S ) ¢ 1 direction to estimate the SAR wind speeds. Fig. 11 shows the
o F kel 4
s - . o ° e o 1 results for various (fixed) wind directions and= 0.6 for each
2 ol oois T e % case. The standard deviation between the SAR and buoy wind
g - § g AR % 9 speeds under these conditions changes depending on the partic-
g I ° O@QO © ng 1 ular wind direction assumed. Perhaps the best case (based on
% Lo I S o o ] the smallest mean difference) is when the wind direction is set
2 100 5 &2 s %f i . ° 1 10300. Note the standard deviation for this case of 2.34 m/s is
8 ° % ° 4 significantly higher than the value of 1.76 m/s obtained wh
o % 4 g y higher than the value of 1.76 m/s obtained when we
4 00%0"28) 3 . 1 Uusedthe modelwind directions. Despite the increase in standard
o Fos " 8 e o1 deviation, credible (mean) wind speed retrievals may sometimes
NI P S L T DN, N : . . . . .
0 100 300 be possible using a reasonabtsstantestimate of the wind di-

200
Buoy Wind Direction (deg T) rection. However, we believe that neglecting to use the model

Fig.9. Model-estimated wind direction versus buoy-estimated wind directio\r’1v.Ind dlrec,tlons WI_” geperally produce asignificant degradation
in the retrieved wind field.

SAR-estimated wind speed and buoy wind speed. Fig. 9 is a L )
scatter plot that compares the NOGAPS model wind directiéh 'MPplication of the SAR Buoy Comparisons@n
with the buoy-estimated wind direction. The mean difference Comparisons between SAR and buoy measurements can also
in wind direction is small; less thar? 3However, the standard reveal useful information about the optimum choice doin
deviation of the difference between buoy and model wind diretlie wind speed retrieval. Fig. 12 shows a series of scatter plots
tion is a significant 44 and certainly accounts for some of theof SAR versus buoy wind-speed comparisons using different
scatter in SAR versus buoy comparisons. The buoy data set ugaldies of« in the SAR inversion. For these comparisons, the
here provided a wide distribution of wind directions for validaNOGAPS model wind directions were used and only those in-
tion purposes. cident angles in the ran@s° < 6 < 45° were included. Note

In order to assess the effect of potential errors in wind spetitht the minimum (magnitude) mean difference of 0.01 m/s oc-
caused by errors in theepriori wind direction from NOGAPS, curs fora = 0.4, though the standard deviation for this case is
we have recomputed the SAR wind speeds for the buoy compar93 m/s. At = 0.6, the mean difference is larger, but the stan-
isons using the wind direction reported by the buoy itself. Ttaard deviation drops to 1.77 m/s. At still higheis, the mean
results of this comparison are shown in Fig. 10. The mean ddiference grows larger, though the standard deviation does not
ference 0.61 m/s is a bit smaller, but the standard deviation 2 &®reciably change. The results shown in Fig. 12 suggest again
m/s is almost 50% higher than when the model wind directiotisat settingx to 0.6 produces the best compromise in mean dif-
were used. (See Fig. 8.) We suspect this increase in standardfdeznce and standard deviation in SAR versus buoy wind speed
viation may be due to the fact that buoy wind direction estimatesmparisons. For values afsignificantly higher or lower than
contain local fluctuations not present in the model fields. 0.6, the mean error becomes unacceptably large.

How important is it to have a reasonable estimate of wind We should note that the choice of can be affected by
direction in the retrieval process? We have attempted to assedatively small biases in the SAR NRCS. To obtain the NRCS
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Fig. 11. SARwind speed retrievals as a function of the buoy estimate using for various fixed wind directions for the SAR speed retrievals. |tesdetieeen
25° and 45 and anx-parameter value of 0.6 were used for each case.

at each pixel in the image, we use the calibration schema®cessing facilities. Moreover, biases may also be introduced
employed by the Alaska SAR Facility. It is important tdy the specific technique used to compute the local incident
realize however, that there are potentially small biases betwesgle at the position of interest in the SAR image. This compu-
RADARSAT SAR NRCS produced by different SAR imagdation is relatively straightforward given accurate specification
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Fig.12. SARwind speed retrievals as a function of the buoy estimates using different valiretbé SAR wind speed retrieval. NOGAPS model wind directions
were used in each of the plots.

of the satellite location, but the effect of the Earth’s curvature As various investigators try to determineby comparisons
must be included. This is particularly important in the caseith independent wind speed estimates, all should be aware this
of wide-swath SAR imagery. In addition, the SAR imagergensitivity of thea-value to small differences in the NRCS al-
processed at ASF at northern latitudes are usually resampdraithms and also in the scheme for computing incident angle.
into polar stereographic coordinates. Associating particul@he analyses of Vachon and Dobson [11] and Horstnedah
image pixels with incident angle becomes correspondingly2] that suggested ~ 1 for example, were performed with
more difficult. SAR radar cross section images generated at facilities other than
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Fig. 13. SAR wind speed retrievals as a function of the buoy estimates using different valire thie SAR wind speed retrieval. The radar cross sections were
biased by 1.5 dB. SAR data for incident angles betweena2fil 45 were included. The wind directions were obtained from the NOGAPS model.

ASF. Small differences in the NRCS between these other faciBAPS model wind directions were used. These plots show that
ties and ASF could manifest themselves in the form of differeiithe NRCS at each pixel is biased high by 1.5 dB with respect to
optimum « values. In Fig. 13, we show plots of SAR versushe corresponding ASF value, one could conclude from Fig. 13
buoy wind speed for different-values after biasing the NRCSthat 1.0 is the optimuna value.

in each case by 1.5 dB. As in earlier examples, only incidentSimilarly, modest errors in the computation of incident angle

angles in the rang25° < 6 < 45° were included and the NO- can account for different determinations @f Fig. 14 shows
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Fig. 14. SAR wind speed retrievals as a function of the buoy estimates using different vatu@sthie SAR wind speed retrieval. The incidence angles were
biased by 2. SAR data for incident angles betweerr 2ind 45 were included. The wind directions were obtained from the NOGAPS model.

plots of SAR versus buoy wind speed for variaugalues com-  Careful data handling is essential to avoid errors originating
puted after applying a bias of 20 the incident angle. For this from an incorrect NRCS or incident angle when attempting
case,« = 1 again produces agreement between SAR-deriveal determine the proper value ef. Simultaneous VV- and
and buoy wind speeds. Although we do not expect errors thiki-pol imagery from ENVISAT [24] to be launched in June
large, it is clear that care must be taken the computation of 2801 should help significantly in the clarification of this issue.
cident angle. Given Unal's experimental results [10] and the fact that an
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«a = 0.6 seems to provide close to optimum results whefunction of incident angle with predictions from rough-surface
SAR-derived wind speeds are compared to buoy wind speesisattering models [9], [25] as well as with commonly used
we see no reason to deviate from this choice fordhalue. C-band scatterometer wind algorithms (mostly VV-pol to date
[6]). Since both of these comparisons require measurements
of the local wind vector (and air—sea temperature difference if
available), the requirement that the NDBC buoys be located

For the first time, we have been able to make systematic cowithin the scenes is again very important.
parisons of a large number of buoy and model wind speed esBecause of its high-resolution imaging capability, we believe
timates with coincident estimates of wind speed from a spadbat SAR scatterometry can provide a powerful complement
borne SAR. Wind directions used in the retrieval process wei@more conventional wind-retrieval techniques. This capability
obtained from the operational NOGAPS model. Comparisons#}ffould be especially useful in littoral waters such as the con-
SAR-derived wind speeds with buoy measured wind speeds ifental U.S. coast including Alaska where accurate environ-
dicate that a properly calibrated SAR can be used over the oc#a@ntal monitoring is both extremely important and difficult to
as a high spatial resolution anemometer. achieve. In this paper, we have provided an initial quantitative

Although we have found a systematic underestimate of raddidation of high-resolution SAR wind retrieval through com-
cross section for incident angles less thah,2Be standard de- parisons with model and buoy wind-speed measurements. Al-
viation in wind speed retrievals is as low as 1.76 m/s. Some tough there is much work yet to be done, we believe the re-
the differences between the buoy and SAR wind speeds are §ulis of these comparisons are quite promising and that further
to uncertainties in the wind direction. Moreover, variability irefforts to combine SAR image data with other meteorological
the sampling between an instrument like a SAR that averagéda and model output could eventually lead to the availability
over area and a buoy that averages over time can also contrigftBigh-resolution wind estimates on an operational basis.
to the differences.

The comparisons discussed in this paper indicate a value for
the o parameter in (2) around 0.6, in g_eneral agreement with REFERENCES
the measurements of Unetlal. [10]. In spite of this agreement
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